The out genes of the enterobacterial plant pathogen Erwinia chrysanthemi are responsible for the efficient extracellular secretion of multiple plant cell wall-degrading enzymes, including four isozymes of pectate Iyase, exo-polya-D-galacturonosidase, pectin methylesterase, and cellulase. Out-mutants of Er. chrysanthemi are unable to export any of these proteins beyond the periplasm and are severely reduced in virulence. We have cloned out genes from Er. chrysanthemi in the stable, low-copy-number cosmid pCPP19 by complementing several transposon-induced mutations. The cloned out genes were clustered in a 12-kilobase chromosomal DNA region, complemented all existing out mutations in Er. chrysanthemi EC16, and enabled Escherichia coli strains to efficiently secrete the extracellular pectic enzymes produced from cloned Er. chrysanthemi genes, while retaining the periplasmic marker protein ,-lactamase. DNA sequencing of a 2.4-kilobase EcoRI fragment within the out duster revealed four genes arranged colinearly and sharing substantial similarity with the Klebsiela pneumoniae genes pulH, pull, puU, and puLK, which are necessary for pullulanase secretion. However, K. pneumoniae cells harboring the cloned Er. chrysanthemipelE gene were unable to secrete the Erwinia pectate lyase. Furthermore, the Er. chrysanthemi Out system was unable to secrete an extracellular pectate lyase encoded by a gene from a closely related plant pathogen, Erwinia carotovora ssp. carotovora. The results suggest that these enterobacteria secrete polysaccharidases by a conserved mechanism whose protein-recognition capacities have diverged.
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Extracellular proteins play key roles in the interactions of organisms with their environment or with other organisms. Gram-negative bacteria secrete relatively few extracellular proteins, but those proteins, such as Vibrio cholerae cholera toxin and Erwinia chrysanthemi pectate lyase, are often primary factors in the virulence of the bacteria in animals or plants (1, 2) . Proteins targeted to the milieu of a Gramnegative bacterium must cross the two membranes enveloping the cell. The export of proteins through the inner membrane by the universal and highly conserved Sec machinery has been extensively studied (3) . Much less is known about the secretion of proteins across the outer membrane (4) .
Many of the seemingly idiosyncratic secretion systems of Gram-negative bacteria can be broadly divided into two groups based on characteristics of the secreted protein.
Hemolysin, which is representative of the first group, lacks an amino-terminal signal peptide and possesses targeting signals near the carboxyl terminus instead. The protein is secreted from Escherichia coli by a Sec-independent pathway through a transmembrane complex spanning the inner and outer membranes (5) . Pullulanase, representative of the second group, possesses an amino-terminal signal peptide and is secreted from Klebsiella pneumoniae via an extended Sec pathway in which a signal peptide-containing preprotein is exported across the inner membrane, processed, and then translocated as a mature protein across the outer membrane (6, 7) . Little is known about the features of these proteins that target them to the Sec-dependent pathway or the mechanism by which the outer membrane is traversed, although the process clearly differs among bacteria. For example, the K. pneumoniae pullulanase has a lipoprotein signal peptide and is associated with the outer face of the outer membrane as a lipoprotein before being released to the medium. In contrast, the pectate lyase isozymes of Er. chrysanthemi have signal peptides typical of those processed by peptidase 1 (8) and are rapidly released to the medium as mature proteins.
The closely related enterobacterial plant pathogens Er. chrysanthemi and Erwinia carotovora offer interesting models for studies in protein secretion. Er. chrysanthemi secretes protease isozymes by the Sec-independent pathway (9) and a battery of plant cell wall-degrading polysaccharidases by the extended Sec pathway. The latter enzymes include at least four isozymes of pectate lyase, exo-poly-a-D-galacturonosidase, pectin methylesterase, and two cellulases (2) . Outmutants are unable to secrete any of the pectic enzymes or cellulases and are attenuated (10, 11) . The extracellularpectic enzymes are independently transcribed from different chromosomal loci and have diverse molecular weights, isoelectric points, and enzymatic activities (2). They possess signal peptides but lack any apparent consensus sequences in either the signal peptides or the mature protein (8, 12, 13) . Nevertheless, they appear to be selectively secreted by a common pathway that begins with Sec-mediated translocation across the inner membrane. The equally complex arsenal of plant cell wall-degrading enzymes secreted by Er. carotovora is less well characterized, but the enzymes appear to be secreted in a similar manner. Indeed, a cloned cluster of Er. carotovora ssp. carotovora out genes can complement several out mutations in Er. chrysanthemi (14) .
When genes encoding extracellular proteins of Gramnegative bacteria, including the pectic enzymes ofEr. chrysanthemi, are expressed in E. coli, the products are generally found in the periplasm. Since E. coli lacks the accessory secretion functions, they are not secreted to the milieu (1, 4, 15) . The exceptions are the proteases of Neisseria gonorrhoeae and Er. chrysanthemi and the pullulanase of K. pneumoniae. Secretion of these proteins is conferred by DNA sequences linked to the gene of the secreted protein (7, 9, 16) .
Analyses of Er. chrysanthemi Out-mutants and a cloned out gene have correlated the presence of two periplasmic proteins with secretion competency (11, 17) , but little else is known about the process. We were particularly interested in knowing whether the ability of Er. chrysanthemi to secrete tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (30) , whereas DH5a-PELE has the pelE gene expressed from its native promoter and integrated in the chromosome as described in the text. Bacteria were grown in KB broth to OD600 0.9-1.2 if there was a single copy of pelE or to OD600 0.4-0.6 if pelE was plasmid-borne (PelE secretion efficiency was reduced in older cultures of DH5a carrying pPEL7421).
t,8-Lactamase production was conferred on DH5a-PELE by pBR322. diverse proteins depends upon extensive adaptations of the bacterial envelope or, in fact, could be conferred upon E. coli by a small region of the Er. chrysanthemi genome. We report here that a cluster of cloned out genes enables E. coli to selectively secrete the multiple pectic enzymes of Er. chrysanthemi. §
MATERIALS AND METHODS
Bacterial Strains, Culture Conditions, and Recombinant DNA Techniques. E. coli DH5a (Bethesda Research Laboratories) was used as the standard host strain for propagating recombinant plasmids, ED8767 (18) was used for cosmid cloning, CC118 (19) for TnphoA mutagenesis, and SM1OApirA (20) for suicide vector propagation. Heterologous protein secretion was analyzed in E. coli MC4100 (21), K. pneumoniae (= planticola) ATCC 15050 (22) , and Er. carotovora ssp. carotovora ATCC 15713. Er. chrysanthemi AC4150 (Nxr derivative of EC16) and out mutants AC4198, AC4199, AC4200, AC4205, AC4206, and AC4207 have been described (11, 14) .
E. coli strains were routinely grown in Luria-Bertani (LB) medium (18) at 37°C for isolation of plasmids and in King's B (KB) medium (23) at 30°C for protein secretion assays. Er. chrysanthemi strains were grown in KB medium at 30°C. K. pneumoniae was grown at 30°C in M9 minimal medium (18) supplemented with 0.2% (wt/vol) glycerol and 0.8% (wt/vol) maltose. The following concentrations of antibiotics (Sigma) were used when appropriate: ampicillin (Ap), 100 I&g/ml; kanamycin (Km), 50 ,ug/ml; nalidixic acid (Nx), 10 lg/ml; spectinomycin (Sp), 50 ,ug/ml; and tetracycline, 10 ,ug/ml.
General procedures for isolation, analysis, and modification of DNA fragments followed those described by Maniatis et al. (18) . The cosmid library of Er. chrysanthemi AC4150 genomic DNA was constructed in pCPP19 (obtained from D. W. Bauer, Cornell University), a 5.4-kilobase (kb), mob' cos' derivative of pGB2 (24) carrying the pWE15 (25) multiple cloning site.
Assays for Cellular Distribution and Activity of Pectic Enzymes. The pectic enzyme secretion phenotype of bacterial colonies grown for 12-18 hr on KB agar medium supplemented with 0.5% polygalacturonate (Pfaltz & Bauer) was determined by flooding the plates with a solution of 1.0%o (wt/vol) hexadecyltrimethylammonium bromide and observing the formation of halos around colonies. The distribution of enzymes between extracellular and cell-bound fractions was quantitatively determined by fractionating 1 ml of midlogarithmic-phase broth cultures by centrifugation. The cell pellets were washed in cold, fresh medium once and soni§The sequence reported in this paper has been deposited in the GenBank data base (accession no. M37886).
cated in 1 ml of cold medium. Culture supernatants and sonicated cell pellets were assayed as previously described for pectate lyase (26) , exo-poly-a-D-galacturonosidase (26) , ,B-lactamase (27) , and pectin methylesterase (28) . Enzyme activity is expressed in units (,umol of product per minute). Total bacterial protein was determined by dye binding assay (Bio-Rad).
Construction of a Suicide Vector for Integration of Er.
chrysanthemi Genes into the E. coli Chromosome. Integration of Er. chrysanthemi pectic enzyme genes into the chromosome of E. coli was mediated by pCPP2002, which was constructed from pJM704, a derivative of pJM703.1 (20 (29) and then into the chromosome of respective E. coli strains to produce DH5a-PELE and MC4100-PELE. Two other MC4100 derivatives were constructed using different cloned Er. chrysanthemi pectic enzyme genes: MC4100-PELB (3.5-kb Kpn I-EcoRJ pelB+ fragment from pPEL3; ref. 29 ) and MC4100-PEHX (2.3-kb Sal I pehX+ fragment from pPEH10; ref. 13) .
TnphoA Mutagenesis of the out Gene Cluster in pCPP2006. TnphoA mutagenesis of E. coli CC118(pCPP2006) was performed essentially according to the procedure of Manoil and Beckwith (19) . Plasmids in Kmr transductants were transformed into PeIE-producing E. coli strains DH5a(pPEL7421) (30) and DH5a-PELE and screened for loss of the Out phenotype on KB/polygalacturonate agar plates. The quantitative distribution of PelE in cells from colonies lacking halos was determined by A235 assays (26) of midlogarithmicphase culture supernatants and sonicated cell extracts. All TnphoA insertions were marker-exchanged into the Er. chrysanthemi chromosome by mobilizing the appropriate pCPP2006 derivative with pRK600, followed by isolation of Kmr sps (vector marker) transconjugants from cultures maintained in a plasmid-destabilizing low-phosphate medium (31 with efficiencies similar to that in Er. chrysanthemi (Table 2) . Thus, the multiple pectic enzymes produced by Er. chrysanthemi are secreted by a common pathway that can function in E. coli. Nucleotide Sequence of a 2.4-kb EcoRI Fragment Within the out Gene Cluster. The nucleotide sequence of a 2.4-kb EcoRI fragment from the out cluster (Fig. 2) contained two complete open reading frames (ORFs) and two incomplete ORFs. Surprisingly, these four ORFs share extensive similarity at both the nucleotide and amino acid levels to the K. pneumoniae (= oxytoca) UNF5023 pullulanase secretion genes, pulH, pulI, puU, and pulK ( Fig. 3 and ref. 33) . Because of the similar size (12-13 kb) and the colinearity of the secretion gene clusters from these two bacteria, we designated the corresponding Er. chrysanthemi genes outH, outI, outJ, and outK. The overall nucleotide similarity in the sequenced 5.9 ± 0.3 MC4100-PEHX(pCPP2006) PehX 38.8 ± 6.7 10.9 ± 1.8 MC4100(pPEL74) PME* 14.1 ± 3.2 14.9 ± 3.9 MC4100(pPEL74, pCPP2006) PME* 66.7 ± 4.6 18.3 ± 7.9
Culture conditions and assay procedures were as described in Table 1 and in the text. MC4100 carried pectic enzyme-encoding plasmids pPEL74 (pelA, pelE, pem) or pPEL3 (pelB, pelC) or had pectic enzyme structural genes integrated into the chromosome as described. 3-Lactamase in the supernatants of these bacterial cultures was either <l0o ofthe total or undetectable. Data are the mean ± SD from at least three replicates. *Pectin methylesterase, encoded by pem. regions was 75.0% for outH and pulH, 62.0% for outI and pull, 61.6% for outJ and pulJ, and 54.5% for outK and pulK.
The amino acid similarity between the predicted Out and Pul proteins was substantial except for the carboxyl-terminal regions of OutK and PulK (Fig. 3) coli MC4100(pCPP2006, pAKC228) . Similarly, only 7.8% of the pectate lyase activity (total, 4.0 units/mg of protein) was secreted by K. pneumoniae-(pPEL74). Immunoblot analysis was used to confirm the inability of K. pneumoniae to secrete PelE and to determine the distribution of PelE in Er. carotovora ssp. carotovora cells carrying the pelE+ plasmid pPEL74 (Fig. 4) . In no case was a heterologous extracellular protein secreted, indicating that the secretion systems of these three enterobacteria are specific for their respective extracellular proteins.
DISCUSSION
Whereas the export of proteins through the inner membrane of Gram-negative bacteria is a universal process employing the Sec translocation apparatus and potentially interchange- able signal sequences, the selective secretion of extracellular proteins to the milieu is both less common and mechanistically more diverse (3, 4) . This diversity is particularly marked for extracellular proteins that are secreted via Sec-dependent pathways. Our finding that two bacteria which use strikingly different Sec-dependent pathways have homologous secretion genes suggests that these pathways employ a conserved translocation apparatus. The polysaccharidases secreted by Er. chrysanthemi and K. pneumoniae are cleaved by different signal peptidases and differ in their covalent modification, kinetics of release, and association with the outer membrane (6, 10, 11) . Nevertheless, in both of these bacteria the accessory secretion genes are clustered in 12-to 13-kb DNA regions, and comparison of a 2.4-kb fragment within that cluster reveals four genes that are colinear and share substantial sequence similarity. Furthermore, G. P. C. Salmond and coworkers (personal communication) have recently found that a cluster of Er. carotovora ssp. carotovora SCRI193 out genes are homologous and colinear with the K. pneumoniae puiC, pulD, pulE, pulF, puiG, pulH, pull, puUJ, and pulK genes, indicating that the conservation of the secretion genes is extensive among these enterobacteria.
The K. pneumoniae pullulanase secretion system is experimentally attractive because the secretion genes flank the pullulanase structural gene, enabling E. coli cells carrying this region to secrete pullulanase. Many Gram-negative bacteria, however, secrete more than one extracellular protein. Plant pathogenic bacteria like Er. chrysanthemri, which attack complex polysaccharides in higher plant cell walls, are remarkable in this regard because of the number of different polysaccharidases they secrete. Our results show that all of the genes necessary for secretion of the Er. chrysanthemi EC16 pectic enzymes are contained in a single cluster and, most significantly, that all of the pectic enzymes can selectively pass through the encoded pathway to the milieu of E. coli.
The signals that target extracellular proteins such as pullulanase for secretion by a Sec-dependent pathway remain elusive (35) . Furthermore, sequence comparisons ofa variety of polysaccharidases secreted by Er. chrysanthemi and Er. carotovora ssp. carotovora revealed no consensus targeting sequences in the primary structure of these proteins (8, 13, 36) . We have found that the secretion systems of Er. chrysanthemi and Er. carotovora ssp. carotovora are specific for their respective pectate lyases, and F. Barras and G. P. C. Salmond (personal communication) have observed a similar specificity in the secretion of cellulases. This suggests that the Out apparatus has a component that recognizes only the proteins secreted by that species. The specificity of the two Erwinia Out systems provides new avenues for identifying the targeting signals in the secreted proteins. Ultimately, an understanding of the conserved and variable aspects of Sec-dependent protein secretion in Gram-negative bacteria may permit novel approaches to therapeutic disruption of the secretion of virulence proteins or biotechnological extension of secretion ability to beneficial proteins.
